Human listeners, and other animals too, use interaural time differences (ITD) to localize pure tones, but this ability abruptly diminishes as the frequency of a pure tone increases. The diminished sensitivity appears to serve a useful function. It prevents the confusion that would otherwise arise from the large interaural phase differences that occur at high frequency as sound waves diffract around the head. Possibly this benefit offers an ecological explanation for the diminished sensitivity of the nervous system. However, comparison of the frequency dependence of ITD sensitivity, as measured in headphone experiments, and the frequency dependence of the physical phase shifts, as measured in an anechoic room, reveals a bad match between these two functions. The decrease in neural sensitivity to ITD is seen to be far too rapid, casting doubt on this form of ecological reasoning. If one wants to maintain an ecological context, it is more plausible to argue that our binaural architecture, with its neurophysiological limitations, evolved when our head diameters were smaller by as much as 50 percent. [Work supported by the AFOSR, 
I. Introduction
More than 100 years ago, Lord Rayleigh pointed out that human listeners can make use of interaural time differences (ITD) to localize pure tones. As the azimuth of a sound source, measured from the forward direction, increases, the ITD increases from zero to a limiting value depending on the head width (Strutt, 1907) . Rayleigh was quick to point out, however, that there were practical limits to the utility of the ITD. When the azimuth increases far enough that the interaural phase difference (IPD) becomes equal to 180 degrees, the information from the ITD (and IPD) becomes totally ambiguous. As the azimuth increases further and the IPD exceeds 180 degrees, the ITD points to images with azimuths opposite to the actual source azimuth. Headphone experiments by Bernstein and Trahiotis (1985) have revealed just this kind of ambiguity and reversal. Thus, there is a 180-degree IPD limit on useful ITD cues. ITDs beyond this limit give misinformation that could be dangerous to survival.
In 1964, Sayers pointed out that there is another limit for IPDs less than 180 degrees. As the ITD increases from zero the a lateralized image moves farther to the side, but as the IPD passes about 90 degrees, further increases in ITD cause the image to move back toward the midline. In the same year, Elpern and Naughton found that the maximum sensation of lateralization occurs for IPD=90 degrees. Thus, there is also a 90-degree IPD limit on useful ITD changes.
Because the IPD is the product of the ITD and the frequency of the tone, the limits imposed by the IPD are not important if the ITD is small or the frequency is small. Small ITDs occur in the real world when the azimuth of the source is close to the midline. Therefore, the IPD limits become important for tones of higher frequency that have larger azimuths -off to the side of the listener. In order to trace out the 180-and 90-degree IPD limits, as functions of frequency and azimuth, we made a study of IPD, focusing on the limits.
II. Free-field IPD limits

A. KEMAR measurements
Measurements of the IPD limits were made using a KEMAR manikin (large ears) in an IAC anechoic room (7.7 × 6.4 × 3.6 m) and an array of 13 loudspeaker sources (Minimus 3.5). The sources were equally spaced by 7.5 degrees on a quarter circle with a 2-meter radius to the right of the manikin. The sources were at ear height.
Tones of fixed frequency were reproduced by the sources, and were recorded by the microphones within the KEMAR head and associated electronics (Etymotic, ER-11). The recordings were processed by matched filtering to obtain interaural differences, especially the difference between the phases in the left and right ears. For each frequency, the source azimuths leading to 90-degree and 180-degree IPDs were determined by linear interpolation.
The results of the measurements for 180 and 90 degrees IPD are shown in Fig. 1 by circles and diamonds, respectively. The pattern of symbols traces out boundaries for three regions, IPD<90, 90<IPD<180, and IPD>180.
The symbols in Fig. 1 follow a smooth descending pattern except for prominent bumps near 1.3 kHz. We suspected that the bumps were due to reflections from the manikin torso, and to test that idea, we separated the head and mounted it on a thin pole. However, the bumps remained. We next questioned our microphone system, and to test that system we replaced it by probe microphones in the KEMAR ear canals (Etymotic ER-7c with associated electronics). The measurements with the alternative system almost perfectly reproduced those made with the KEMAR microphone system, including the bumps. We next questioned our anechoic room and our source array. To test that we replaced the KEMAR head with an 8.75 cm diameter sphere with probe microphones at an ear angle of 90 degrees. With the sphere, the bumps largely disappeared (See appendix). Therefore, we concluded that the bumps near 1.3 kHz were caused by diffraction by the KEMAR head itself. We do not know what feature of the head is responsible for the bumps. We note that they occur at a frequency that is lower than normally associated with features of human physiognomy. Fortunately, their existence did not affect our conclusions. The conclusions are that both the 180-and the 90-degree limits are surpassed for tones with frequencies that are not particularly high and for azimuths that are not particularly small. The limits would appear to be real problems for the use of ITD cues in real-world sound localization. 
B. Spherical head model
The shaded regions in Fig.1 represent calculations using a spherical head model for sources at 2 meters. The calculations used expansions in Legendre polynomials with amplitudes proportional to Hankel functions of the source distance and inversely proportional to the derivatives of Hankel functions of the head radius, as described by Duda and Martens (1998) . The shaded regions span a range of assumptions about the angle of the listener's ears with respect to the forward direction. The top boundary of the regions corresponds to an ear angle of 90 degrees; the bottom boundary corresponds to 110 degrees. [Footnote 1]. The calculations from the spherical head model seem to be in good agreement with the measured values below and above the bump.
The solid and dashed lines represent the low-frequency (f ) limit of the azimuth (Θ) for a spherical head with radius R:
for the 180-degree limit and
for the 90-degree limit. All computations assumed R = 8.75 cm and a sound speed of v = 34400 cm/s.
III. Human ITD sensitivity
Because ITD information becomes increasingly misleading in free field as the frequency of a tone increases, there would appear to be survival value in a binaural system that becomes insensitive to ITD at moderately high frequency. In fact, there is abundant evidence that ITD sensitivity disappears at about 1500 Hz. The upper limit of ITD sensitivity was explored by Zwislocki and Feldman (1956) and by Klumpp and Eady (1956) who found an upper limit of 1300 Hz. Mills (1958) found a limit of 1400 Hz, and Nordmark (1976) found 1430 Hz. The most detailed exploration of the frequency dependence of ITD sensitivity was recently made by Dunai et al. (2012) , paying particular attention to the high-frequency limit. They used a two-interval forced-choice task in which a tone led in one ear by the ITD on the first interval and led in the other ear by the ITD on the second. The difference between the two intervals, ΔITD, was twice the ITD on each, and that is what is plotted in Fig. 2 . The data in Fig. 2 are typical of other experiments including a broad minimum somewhere between 700 and 1000 Hz and a sharply rising threshold above 1200 Hz. Dunai et al. found it impossible to detect the ITD at 1450 Hz.
The measurements of ITD sensitivity were all made in headphone experiments wherein the signals to the two ears could be precisely controlled. Unlike real-world listening, where ITD differences at high frequency are inevitably accompanied by interaural level differences, the headphone experiments can present ITDs alone to investigate the interaural timing process responsible for ITD sensitivity. Dozens of physiological experiments have indicated that this process is mediated by binaural coincidence cells in the medial superior olive (MSO) in the brainstems of mammals.
IV. The ecological connection
The shaded rectangle in Fig. 2 between 700 and 1000 Hz indicates the frequency range of greatest sensitivity to ITD. The vertical line in Fig. 2 at 1450 Hz indicates the sharp transition where the binaural system does not register ITD at all. It is striking that the frequency difference between the region of greatest sensitivity and the point where there is no sensitivity is less than an octave -perhaps as small as as half an octave. The loss of ITD sensitivity below 1500 Hz is consistent with other binaural phenomena, such as binaural beats, which show a loss of interaural phase sensitivity near this frequency (Perrott and Nelson, 1969) . This loss of phase sensitivity appears to be specifically binaural. There is good reason to believe that phase locking is maintained in the human auditory system for considerably higher frequencies. A low estimate for the loss of phase locking (between 2 and 3 kHz) comes from mistuned harmonic detection experiments (Hartmann et al. 1990) . A high estimate (8 kHz) comes from frequency difference limen experiments (Moore and Ernst, 2012) . Intermediate estimates (4-5 kHz) come from musical pitch experiments (see, for example, Oxenham et al., 2011) or from assuming that phase locking in humans is similar to the auditory nerve of cat (Johnson, 1980) . Apparently there is a special low limit for the human binaural system, and it is reasonable to conjecture that the limit represents an evolutionary adaptation of the MSO to ITD values of negative utility as seen in Fig.1 for increasing frequency. The ecological interpretation for the high-frequency limits of ITD sensitivity has frequently been made. Rayleigh (1907) argued that it was unlikely that listeners could localize sounds based only on ITD when the frequency was much above 512 Hz because the maximum delay across the head (about 800 μs) would lead to an IPD close to 180 degrees. In 1909, Rayleigh also remarked on the 90-degree limit, leading to an even lower estimate for the maximum frequency for useable ITD. Yost and Hafter (1987) noted that delaying a 1666-Hz tone by a head width would be equivalent to no delay at all. Stern's 2005 review of binaural hearing similarly suggested that the upper limit of ITD utility should be set by the size of the head.
As shown in Fig. 1 , the limiting azimuth for IPD=90 or IPD=180 degrees is a rapidly varying function of frequency in the large azimuth regime. As shown in Fig. 2 , the frequency dependence of ITD sensitivity also shows a rapid dependence. According to the ecological interpretation (EI), these regions of changing sensitivity ought to be sensibly related. Figure 3 repeats the spherical head regions from Fig. 1 , and also repeats the regions of greatest sensitivity and the limit of no sensitivity from Fig. 2 . The figure shows that the relationship is far from sensible.
For the 180-degree limit, the EI would assert that the binaural system has become insensitive to 1450-Hz tones because the IPD exceeds 180 degrees whenever the azimuth is greater than 33 degrees, leading to wrong-sided images. By contrast, the binaural system gladly pays attention to 1000-Hz tones because they lead to wrong-sided images only when the azimuth is greater than 45 degrees. The difference of 12 degrees of azimuth would hardly seem to be adequate motivation for a system to develop such a sharply tuned frequency response as the binaural ITD system evidently has.
The correspondence for the 90-degree limit is even more disappointing. According to the EI, the binaural system rejects ITD information from a 1450-Hz tone because this tone leads to perceived images that move in directions opposite to reality when the azimuth is greater than 14 degrees. By contrast the binaural system welcomes ITD information at 1000 Hz because it leads to misleading directional information only when the azimuth is greater than 24 degrees. Again, the difference of only 10 degrees seems to be a poor reason to evolve an ITD system with a sharp frequency cutoff. Given the poor correspondence between the IPD limits and the limits of ITD sensitivity, one is tempted to abandon the ecological interpretation, at least in the quantitative detail presented here. Possibly, evolutionary pressures are actually responsible for the anomalously low cutoff frequency of ITD sensitivity, but then evolution made a mistake and didn't get the cutoff quite low enough.
There is an alternative ecological approach, however, that leads to quantitatively good correspondence. The approach assumes that while the human brain stem was evolving, and the MSO and projections to it were developing, the head size was considerably smaller. Fig. 4 is a repeat of Fig. 3 except that it makes the assumption that the head is 50% smaller than our present-day human heads.
In Fig. 4 the upper limit of ITD sensitivity at 1450 Hz essentially coincides with the frequency for which there is never any 180-degree IPD ambiguity, whatever the azimuth might be. That would indicate an evolutionary adaptation to the acoustics of the head that is effectively ideal. For the 90-degree IPD boundary, ITD information for 1450-Hz tones would be rejected because it leads to an incorrect sense of motion when the azimuth is greater than 27 degrees. The greatest ITD sensitivity corresponds to a region of 90-degree IPD confusion that extends from 40 to 65 degrees of azimuth. The span is large because the 90-degree IPD boundary coincides with the region of greatest ITD sensitivity for most of its descent.
